Valproic acid (VPA) is the most highly prescribed epilepsy treatment worldwide and is also used to prevent bipolar disorder and migraine. Surprisingly, very little is known about its mechanisms of cellular uptake. Here, we employ a range of cellular, molecular and genetic approaches to characterize VPA uptake using a simple biomedical model, Dictyostelium discoideum. We show that VPA is taken up against an electrochemical gradient in a dose-dependent manner. Transport is protein-mediated, dependent on pH and the proton gradient and shows strong substrate structure specificity. Using a genetic screen, we identified a protein homologous to a mammalian solute carrier family 4 (SLC4) bicarbonate transporter that we show is involved in VPA uptake. Pharmacological and genetic ablation of this protein reduces the uptake of VPA and partially protects against VPA-dependent developmental effects, and extracellular bicarbonate competes for VPA uptake in Dictyostelium. We further show that this uptake mechanism is likely to be conserved in both zebrafish (Danio rerio) and Xenopus laevis model systems. These results implicate, for the first time, an uptake mechanism for VPA through SLC4-catalysed activity.
Introduction
Valproic acid (VPA), also called 2-propylpentanoic acid, is a branched short-chain aliphatic fatty acid that was first synthesized in 1882 (Burton, 1882) . After being used as an organic solvent for eighty years, its anticonvulsant activity was serendipitously discovered (Meunier et al., 1963) , and VPA was first approved as an epilepsy treatment in France in 1967. Since then, it has become the most highly prescribed treatment for generalized and partial epilepsies. VPA is now also used as an effective drug for treatment of bipolar disorder and prevention of migraine attacks (Calabresi et al., 2007; Emrich et al., 1981) . Observations that VPA can cause cell growth retardation recently led to investigations of the possibility to use the drug as a treatment for leukaemia and other forms of cancer (Bokelmann and Mahlknecht, 2008) . Finally, VPA has also been investigated as a therapy for Alzheimer's disease and latent HIV (Terbach and Williams, 2009) .
Therapeutic concentrations of VPA vary considerably between different organs (e.g. brain, kidney) and plasma, suggesting a variable tissue-specific transport mechanism. For example, the concentration required to exert an antiepileptic effect in animals is about 200-500 mg/l in the serum (Chapman et al., 1982) and 150-200 g/g in the rat brain (Chapman et al., 1982; Loscher et al., 1989) . Although highly efficient, VPA efflux transport from the brain at the blood-brain barrier takes place at the same time as less efficient influx (Gibbs et al., 2004) ; the low permeability of the brain to the drug necessitates a relatively high daily dosage. This aggravates the adverse effects of the drug, including lethargy, weight gain, nausea, alopecia and the most severe side-effects, teratogenicity (Ornoy, 2006) and hepatotoxicity (Bjornsson, 2008) . Surprisingly, the mechanism of VPA uptake remains unknown.
Our previous work has employed the simple biomedical model Dictyostelium discoideum to understand cell signalling pathways regulated by VPA. Pathways commonly regulated in the animal brain and Dictyostelium include signalling through Ins(1,4,5)P 3 (Berridge et al., 1989; Williams et al., 2002) , mitogen-activated protein kinase (MAPK) and phospholipase A 2 (PLA 2 ) (Chang et al., 2001) . Other intracellular targets of VPA include histone deacetylases (Phiel et al., 2001) , ion channels (Tian and Alkadhi, 1994) , -aminobutyric acid (GABA) levels (Mesdjian et al., 1982) and, controversially, glycogen synthase kinase (GSK)-3 (Chen et al., 1999; Ryves et al., 2005) . In this paper, we use Dictyostelium to analyse cellular mechanisms of VPA uptake. We show that transport is dependent on pH and the proton gradient and that it occurs not through diffusion but is protein mediated. We identify a potential candidate protein involved in VPA transport, namely the solute carrier 4 bicarbonate transporter, Slc4. We also employ a range of pharmacological and genetic techniques to support a bicarbonate-transporter-dependent uptake mechanism, in addition to showing that bicarbonate competes with VPA for uptake. We further show that bicarbonate transporter inhibitors and bicarbonate transport also reduced the developmental effects of VPA in zebrafish and Xenopus, and VPA uptake in zebrafish, indicating that these results can be translated to higher model systems.
Results

Characterization of VPA uptake
Despite widespread use of VPA as a therapeutic agent, it remains unclear how VPA enters cells, where it localizes within the cells and whether it remains free or is covalently bound to proteins or lipids. To initially investigate these processes, we first examined the dose-dependence of VPA uptake by treating Dictyostelium cells with a constant extracellular concentration of tritiated VPA ([ 3 H]VPA; 6 nM) as a tracer, in the presence of various concentrations of unlabelled VPA (Fig. 1A) . VPA uptake showed a very rapid initial diffusion phase, followed by a secondary active phase. Uptake was dose dependent, as increased concentrations of unlabelled VPA gave rise to reduced uptake of the label, and plateaued after 30 minutes. This [ 3 H]VPA tracer-based approach was used in subsequent experiments.
To calculate the limiting cellular concentration of VPA in Dictyostelium cells, we measured the mean intracellular VPA content in the absence of unlabelled VPA after 30 minutes, and found it to be 502 fmol per mg of protein (±1; s.e.m.). Assuming an average mean cell volume of 565 m 3 per cell and an average cell protein content of 9.3 mg for 10 8 cells (Soll et al., 1976) , this would give an average cell volume of 6.1 l per mg of protein. This indicates that VPA reaches a steady-state intracellular concentration of ~82 nM.
We also examined the subcellular localisation of VPA by treating Dictyostelium cells with [ 3 H]VPA for various time periods and measured cellular location, as previously described (Williams et al., 1999) (Fig. 1B) . Within 15 seconds, the majority of [ 3 H]VPA was found in the supernatant fraction, assumed to contain the cytosolic content, whereas only 2.7% of the VPA was found in the low-speed fraction, nuclei and cell debris, and 2.1% in the highspeed fraction, assumed to contain membrane and organelles; these ratios showed little change over extended periods (up to 30 minutes). These data thus show a rapid cellular uptake and a predominantly cytoplasmic localization of VPA. To determine whether cellular VPA remains free or is covalently bound to lipids or proteins, as has been previously suggested (Brouwer et al., 1993; Siafaka-Kapadai et al., 1998) , we separated lipids (Fig. 1C) and proteins (Fig. 1D ) from VPA-labelled cells and examined radiolabel incorporation. No VPA was detected as being covalently bound to either lipids or protein fractions over a 60-minute period, suggesting that VPA remains within the cytosol, without substantial lipid or protein incorporation, although it remains possible that trace quantities (below detection limits) are bound.
VPA uptake is dependent on the pH and proton gradient
To characterize the basic biochemical parameters of VPA uptake, we employed a range of conditions to assess cellular VPA import. Employing phosphate buffers of pH 4.0-8.0 ( Fig. 2A) , we showed pH-dependent uptake, given that at an acidic pH of 4.0 the total uptake of VPA was increased by ~sixfold compared with that in control conditions (pH 6.3), whereas a less acidic pH of 5.0 led to a fourfold increase in uptake. By contrast, increasing the buffer pH to 7.0 or 8.0 significantly reduced VPA uptake compared with that in control conditions. It is worth noting here that there is a pH partitioning effect on the initial diffusion phase (the y-axis intersects in Fig. 2A ), plus an effect on the secondary active phase. A secondary plot of the rate of VPA uptake in the linear phase, 2268 Journal of Cell Science 124 (13) To analyse further the type of transport involved in VPA uptake, we investigated the effect of the protonophore FCCP on VPA transport (Fig. 2C ). This compound permeabilizes the membrane to protons and thus abolishes proton gradients and leads to membrane depolarization. Exposure to 50 M FCCP resulted in a complete block of VPA uptake, suggesting a proton-gradientdependent transport mechanism as opposed to simple diffusion. In addition, treatment with 8 mM hexanol has been shown previously to enhance diffusion and block protein-mediated transport in erythrocytes (Deuticke et al., 1982) . In Dictyostelium, hexanol enhanced the initial phase of uptake (Fig. 2D ) but blocked further movement, supporting the hypothesis that VPA intake is mediated through diffusion in the first 15 seconds, and that uptake is due to protein-mediated transport thereafter. The presence of 10 mM Na + in the uptake buffer did not change uptake of VPA (data not shown). These combined experiments suggest that VPA uptake occurs through a mechanism that is dependent on the pH and proton gradient, is protein-mediated and is independent of Na + .
Structural specificity of VPA transport
We next investigated the structural specificity of the transport mechanism using competition analysis for VPA uptake with a variety of compounds with structural similarity to VPA (Fig. 3) . These experiments employed straight-chain fatty acids of various length (Fig. 3A) and compounds with a different or additional head group (Fig. 3B,C) , different branch length and side-chain position (Fig. 3E ). In addition, lactic acid and benzoic acid ( Fig.  3D) were included owing to previous data indicating competition with VPA uptake through monocarboxylate (MCT) transporters in various cell types (Tamai et al., 1995; Utoguchi and Audus, 2000; Yabuuchi et al., 1998 ). Uptake of [ 3 H]VPA (6 nM with 0.25 mM unlabelled VPA) was analysed in the presence or absence of 2.75 mM VPA or one of the related compounds. Analysis of the rates of uptake in the linear phase (Fig. 3F) , showed that short-to medium-length straight-chain fatty acids strongly competed with uptake (P<0.05), with dodecanoic acid completely abolishing uptake, whereas change of the head group to an amide (valpromide, valnoctamide) or addition of a second carboxy group (glutaric acid) led to a loss of competition with VPA. Compounds with branching in the C-2 position (2-butyloctanoic acid, 2-methyl-2-pentenoic acid) showed enhanced competition with VPA uptake compared with that by the nonbranched compounds (octanoic acid, pentanoic acid). Compounds reported to compete with VPA uptake where the proposed mechanism was the MCT transporter (lactic acid, benzoic acid) did not compete with VPA uptake in Dictyostelium. 
Identification of a VPA uptake mechanism
To identify a potential transporter activity responsible for VPA uptake, we screened a Dictyostelium restriction-enzyme-mediated integration library for resistance to VPA, using both growth and development conditions (Williams et al., 1999) . VPA is known to block cell growth at a concentration of 2 mM in liquid culture and severely retards development at 1 mM . Using this approach, 14 mutants in the growth screen and 12 mutants in the developmental screen showed increased resistance to VPA, with one mutant showing partial resistance in both screens. The ablated gene in this mutant, slc4 (DictyBase ID: DDB_G0270422), encodes a protein of 768 amino acids with 11 putative transmembrane segments (Fig. 4A ). The protein contains Pfam and PRINTS bicarbonate transporter signatures and shows homology to members of the mammalian bicarbonate transporter family SLC4 (whereby the mammalian protein is represented in uppercase and Slc4 denotes the Dictyostelium protein), ranging from 17 to 30% identity. Phylogenetic analysis shows this protein is related to the mammalian SLC4 family ( Fig. 4B ) and is not related to the mammalian monocarboxylate transporter MCT1. We then ablated this gene by homologous integration of a deleted gene product, to isolate independent mutants lacking the slc4 gene ( 
Slc4 participates in VPA uptake
To investigate the role of Slc4 in VPA transport, we first analysed VPA uptake in the slc4-null mutant, and found that the mutant shows strongly reduced uptake compared with that in wild-type cells (P<0.001; Fig. 5A ). Furthermore, the anion transporter inhibitors 4,4Ј-di-isothiocyanostilbene-2,2Ј-disulfonate (DIDS) (1 mM; Fig. 5B ) and tenidap (100 M; Fig. 5C ) (McNiff et al., 1994; Romero et al., 2004) , both strongly reduced the VPA uptake rate compared with that in untreated cells (P<0.001), consistent with a role for Slc4 in VPA transport. By comparison, 100 M probenecid and 50 M MK571 (inhibitors of multidrug resistance proteins) did not inhibit VPA uptake (data not shown). These results strongly implicate VPA uptake in this system through Slc4 activity.
We then examined the chronic effect of slc4 ablation on VPAsensitive Dictyostelium development. During a 24-hour period, cells aggregate and form a multicellular organism consisting of a stalk and a fruiting body containing spore cells (Fig. 6A,G,K) . The presence of VPA during this process leads to the arrest of development before the mound stage (Fig. 6B ,H,L) . Repeating this development assay in the presence of 100 M DIDS, 1 mM of a second bicarbonate transport inhibitor, 4-acetimido-4Ј-isothiocyanostilbene-2,2Ј-disulfonate (SITS), or 100 M tenidap had no effect on development in untreated cells (Fig. 6C,E and I, respectively) but enabled the formation of small aberrantly formed fruiting bodies in the presence of VPA (Fig.  6D ,F,J), suggesting that Slc4 inhibition caused a partial reduction in the effect of VPA on development. The slc4-knockout mutant also showed wild-type fruiting body formation in untreated cells (Fig. 6M) , and in the same manner as pharmacological inhibition of bicarbonate transporters, the slc4 mutant showed a similar partial rescue of development in the presence of VPA (Fig. 6N ). Other anion transporter inhibitors, including the chloride channel inhibitor Clonal isolates transformed with the slc4-knockout cassette were screened by PCR, indicating non-homologous integrants show amplification of the genomic (G) and vector (V) controls and no amplification of the knockout diagnostic band (K), whereas transformants with homologous integration of the knockout cassette show amplification of all three products. (D)PCR amplification of wild-type (wt) and slc4-knockout derived DNA (A and B labels) using a forward primer inside the ablated region of the gene and a reverse primer inside the genomic DNA (across the cassette boundary) and glycogen synthase (glcS) primers as a control. (E)PCR of wild-type cells and slc4-knockout cells (A label) following removal of the blasticidin resistance cassette using primers on either side of the ablated region of the gene (across the slc4 gene) and glcS primers as a control.
5-nitro-2-(phenylpropylamino)-benzoate (NPPB) (8 M) did not alter the effect of VPA on Dictyostelium development, and flufenamic acid (FFA) (1 mM), a blocker of Ca 2+ -activated nonselective cation channels (Gogelein et al., 1990) , blocked development in the absence of VPA (data not shown).
Bicarbonate transporter inhibition and pH dependence control VPA teratogenicity in zebrafish
Zebrafish (Danio rerio) are a widely recognized biomedical model and have been used in VPA teratogenicity research (Gurvich et al., 2005) . To determine whether VPA uptake in zebrafish is through Slc4-like transport, embryos were cultured in the absence or presence of VPA in various pH conditions or with bicarbonate transport inhibitors (SITS, DIDS) (Fig. 7) . VPA and/or inhibitors were added at 5 hours post fertilization (hpf) and embryos were observed the following day at 30 hpf. Under these conditions (at pH 6.0), untreated embryos completed developmental segmentation and had 30 somites (Fig. 7A) , whereas VPA retarded development and caused severe deformations, with embryos only reaching the 10-somite stage (Fig. 7B) . VPA-induced oedema in the cardiac region was also observed in the latter embryos, together with reduced tail length and eye development (indicated by arrows). Consistent with a role for SLC4 in VPA transport, treatment of developing embryos with 100 M SITS partially reversed the effects of VPA, with embryos displaying reduced oedema, more advanced yolk sack extension and increased tail development (Fig.  7C ) compared with that upon VPA treatment alone. These VPAdependent changes were also pH dependent; at a higher pH of 7.0, treatment with VPA had virtually no effect on zebrafish development and, at a lower pH of 5.0, VPA showed a stronger effect with no somite formation (Fig. 7D) . The bicarbonate transporter inhibitors DIDS and SITS (100 M) also significantly reduced the uptake of VPA over 30 minutes after addition of the label (P<0.05; Fig. 7E,F) . These results are in agreement with an SLC4 transporter playing a role in VPA uptake in both Dictyostelium and zebrafish systems.
Bicarbonate reduces VPA uptake in Dictyostelium and zebrafish and teratogenicity in zebrafish and Xenopus Bicarbonate (HCO 3 -) is a common substrate for SLC4 proteins (Pushkin and Kurtz, 2006) , and our results would therefore suggest a potential competition between VPA and bicarbonate uptake. To examine this, we analysed the effect of KHCO 3 on VPA uptake over time (Fig. 8A,B) , at a constant pH. Replacing 10 mM KH 2 PO 4 in the uptake medium with an equivalent concentration of KHCO 3 significantly reduced uptake of VPA in both Dictyostelium ( Fig.  8A ; P<0.01) and zebrafish ( Fig. 8B; P<0.001 ). This reduction was dependent on KHCO 3 concentration, with lower concentrations leading to a smaller reduction (data not shown).
We also investigated a bicarbonate-dependent reversal of the teratogenic effects of VPA in zebrafish and Xenopus larvae. As reported previously (Gurvich et al., 2005; Phiel et al., 2001 ), 2 mM VPA had multiple teratogenic effects in Xenopus compared with control conditions (compare Fig. 8C with 8D ), including shortened anterior-posterior axis, developmental delay, and pericardial oedema, similar to zebrafish, and defects in cardiac looping. Addition of bicarbonate provides a dose-dependent reversal of VPA-induced developmental defects in Xenopus, with partial rescue of both developmental delay and growth defects at 1 mM or 3 mM bicarbonate (Fig. 8E,F , respectively) and virtually complete rescue at higher bicarbonate concentrations (compare Fig. 8C and 8G,H) . In zebrafish, the addition of 50 mM KHCO 3 rescued the development in the presence of 0.1 mM VPA (compare Fig. 8J and 8L). The same effect was observed at a bicarbonate concentration of 10 mM.
Discussion
Despite the widespread use of VPA for epilepsy, bipolar disorder and migraine treatment, the mechanism of its cellular import remains poorly understood. Here, we employed a variety of cellular, molecular and genetic approaches to characterize VPA uptake in the simple biomedical model Dictyostelium.
Biochemical properties of VPA uptake
We showed that VPA crosses the cell membrane and predominantly localizes to the cytosol. Although some researchers have proposed therapeutic activity of VPA on the cell membrane (Kessel et al., 2001) , our results are consistent with intracellular activity, which is required for the widely reported effects of VPA in a range of pathways, such as inositol signalling (Eickholt et al., 2005; Williams et al., 2002) and MAPK signalling Chen et al., 1999) . VPA uptake is dose dependent and slows considerably after 30 minutes. This plateau could be due to saturation of the cell with VPA or to the presence of efflux transport, but given that exposure of cells to 6 nM extracellular [ 3 H]VPA stabilized the intracellular concentration at 82 nM, our data suggest that VPA uptake occurs against a concentration gradient. This is consistent with uptake plateaus of 26 nM in intestinal epithelial (Caco-2) and 47 nM in brain endothelial (RBE4) cells (Fischer et al., 2008) and suggests the presence of an active transport mechanism in both Dictyostelium and mammalian cells. The energy source for this transport could be ATP, as is the case for multidrug resistance transporters. These proteins are responsible for efflux transport of many drugs, although VPA has been shown to not be a substrate of these transporters (Baltes et al., 2007) and we show that inhibitors of multidrug resistance transporters do not alter VPA uptake in Dictyostelium. Alternatively, energy for active uptake could be released by simultaneous transport of a different molecule down its concentration gradient by a coupled transporter, as seen in the bicarbonate transporters of the SLC4 family that are investigated here.
We also demonstrated a pH dependence of VPA uptake in both Dictyostelium and zebrafish. Uptake increases significantly at lower pH, whereas it decreases at higher pH. Because VPA is present mainly in its ionized form at physiological pH (it has a pK a of 4.8), variation of uptake with extracellular pH is consistent with simple diffusion of the non-ionized form. For example, the percentage of non-ionized VPA molecules is highest at low pH (86% of VPA is in its non-ionized form at pH 4.0 and 39% at pH 5.0), compared with that at physiological pH 6.3 (3.1% non-ionized), and converges towards zero at higher pH (0.6% at pH 7.0 and 0.1% at pH 8.0); this mirrors changes in cellular uptake due to changing the pH environment. However, the majority of VPA at physiological pH is in its ionized form, thus would not enter cells through diffusion. The pH dependence of VPA uptake is also inferred in zebrafish experiments, whereby VPA effects on development are eliminated in high pH conditions (pH 7.0). This pH dependence has also been shown in human placental brush border cells (Nakamura et al., 2002) , supporting a similar uptake behaviour in animal systems.
The pH-dependent uptake of VPA could also point to the presence of a pH-dependent active transport mechanism. The intracellular pH (pH i ) of Dictyostelium has been measured with a variety of different methods and has been reported to be between 6.7 and 7.5 (Liu et al., 2002; Ratner, 1986) . At an extracellular pH (pH o ) below this pH i , an inward-directed proton gradient is present that could act as the driving force for active transport. If transport were dependent on the proton gradient, a pH o higher than the pH i would inhibit uptake. This is consistent with our observations reported here. In order to determine whether transport is dependent on extracellular pH or the proton gradient, we employed the proton ionophore FCCP. This compound abolished transport, indicating an uptake mechanism dependent upon proton gradient or membrane potential for VPA. SLC4 proteins are important regulators of intracellular pH (Pushkin and Kurtz, 2006) and have previously been shown to be themselves regulated by pH (Alper et al., 2002) , thus, SLC4 proteins are a feasible transport mechanism for VPA.
Structural specificity of the VPA transporter
A total of 12 compounds were tested for competition with VPA uptake. Medium-length fatty acids (dodecanoic acid, 2-butyl octanoic acid) showed the greatest competition for uptake, and short straight-chain compounds (propionic and pentanoic acid) showed less competition, suggesting a chain-length dependence of inhibition. These results are consistent with previously published data whereby medium-chain fatty acids, including pentanoic acid and octanoic acid, competed with VPA uptake in placenta, intestine and blood-brain barrier model cell lines (Fischer et al., 2008; Utoguchi and Audus, 2000) . However, this was not shown in rat microvessels or rat choroid plexus (Adkison and Shen, 1996) , suggesting the presence of different uptake mechanisms in different organisms or cell types.
2272 Journal of Cell Science 124 (13) Comparison of the uptake competition for VPA-related compounds shows considerable structural specificity. Compounds possessing an amide group instead of the carboxy head group of VPA, such as valpromide or valnoctamide, or those with an additional carboxy group (glutaric acid) did not compete with VPA uptake, indicating that the uptake mechanism examined here is dependent on the presence of a single carboxy head group; these results are consistent with the previously reported placental cell line data (Adkison and Shen, 1996; Utoguchi and Audus, 2000) .
All three of the tested branched compounds significantly reduced the initial rate of VPA uptake. Comparison of these branched compounds and their related straight-chain counterparts suggests that the affinity for transport is significantly increased by branching in the C-2 position. Benzoic acid and lactic acid did not significantly inhibit the initial rate of VPA uptake and these have been shown to be substrates of MCT (Tamai et al., 1995; Utoguchi and Audus, 2000) , although benzoic acid is also transported by SLC4 activity (Yabuuchi et al., 1998) . . The addition of increasing concentrations of NaHCO 3 to these VPA-treated embryos at 1 mM (E), 3 mM (F), 5 mM (G) or 10 mM (H) NaHCO 3 dose-dependently reverses this VPA-induced teratogenic effect. 5 mM NaHCO 3 alone had no effect on development (data not shown). In zebrafish, embryos treated with 50 mM KH 2 PO 4 (I) or 50 mM KHCO 3 (K) develop normally. In the presence of 0.1 mM VPA, embryos in KH 2 PO 4 show severe developmental defects (J), whereas development remains unaffected in KHCO 3 (L).
Slc4 is involved in transport of VPA across the cell membrane
In screens of a Dictyostelium mutant library for increased resistance to VPA in growth and development, a potential transporter, encoded by the slc4 gene, was identified. This gene was shown to encode a homologue to members of the mammalian SLC4 family of bicarbonate transporters, proteins that have also been linked to fatty acid transport in various human colon adenocarcinoma cell lines and HEK-293 cells (Lecona et al., 2008; Yabuuchi et al., 1998) and to flippase activity in erythrocytes (Ortwein et al., 1994) , consistent with our findings. Sequence identity between the identified Dictyostelium Slc4 and members of the mammalian bicarbonate transporter family is between 17 and 30%. Although it is difficult to specify the subtype of SLC4 protein, the Dictyostelium homologue groups within the same clade as SLC4A11. No other gene in the Dictyostelium genome shows homology to the SLC4 family, so it is likely to represent the only member of its class in the model organism. The identification of this mutant showing resistance to VPA in both growth and development suggests that Slc4 provides a mechanism for VPA uptake.
Genetic and pharmacological ablation of Slc4 in Dictyostelium significantly reduced both acute VPA transport and chronic VPAmediated developmental effects, consistent with a role for Slc4 in VPA uptake. Pharmacological ablation employed two structurally independent transport inhibitors, DIDS, a bicarbonate transporter inhibitor, and tenidap, a non-steroidal anti-inflammatory drug (McNiff et al., 1994; Romero et al., 2004) . Note that these bicarbonate inhibitors are not specific to SLC4 transporters and potentially block a range of anion channels and exchangers (Izumi et al., 2003; Utoguchi and Audus, 2000) ; however, their functional overlap allows identification of the most likely target reducing the uptake of VPA. DIDS, SITS and tenidap are known to inhibit chloride channels, as well as SLC4 (Koszela-Piotrowska et al., 2007; McNiff et al., 1994) . However, chloride channels and monocarboxylate transporters of the MCT family (Goncalves et al., 2009) are also blocked by NPPB, but this inhibitor did not block the effects of VPA on development. Two inhibitors for multidrug resistance proteins, MK571 and probenecid, did not reduce uptake of VPA, suggesting that these proteins are also not involved in VPA transport in Dictyostelium. Although neither genetic ablation nor pharmacological inhibition completely blocked the effects of VPA, the presence of non-ionised VPA (~3% in pH 6.3 buffered medium), transported through diffusion, might explain low-level uptake or developmental effects. The reduction in VPA uptake following genetic and pharmaceutical ablation of Slc4 is in agreement with a role for this transporter in VPA uptake.
The anion transporter SITS also reduced teratogenic effects of VPA on zebrafish development, and both DIDS and SITS reduced VPA uptake in this model, showing that the results from Dictyostelium are likely to be applicable to other systems. Final confirmation of a potential role of SLC4 bicarbonate transporters in VPA uptake is shown in bicarbonate competition assays, whereby reduced VPA uptake in Dictyostelium occurs through competition with increasing levels of bicarbonate. Furthermore, this effect is present in more complex animal systems, as the uptake of VPA is also reduced by bicarbonate in zebrafish, and the teratogenic effect of VPA in Xenopus and zebrafish larvae is rescued in the presence of increasing levels of bicarbonate. Although it remains a possibility that SLC4 inhibition has an indirect effect on VPA uptake by, for example, altering intracellular ion levels, resulting in altered uptake or excretion of VPA, our results support our proposition that SLC4 proteins are involved in VPA transport in multiple model systems.
Identification of a novel uptake mechanism for VPA
We have characterized the uptake of the most highly prescribed conventional antiepileptic treatment VPA in the simple biomedical model Dictyostelium. We show protein-mediated uptake is dependent on VPA conentration, pH, proton gradient and structure and occurs against a concentration gradient, suggesting an active mechanism of uptake. We have identified a gene in Dictyostelium that encodes a protein homologous to mammalian bicarbonate transporters of the SLC4 family showing increased specificity for medium-chain fatty acids branched at the C-2 position. This is the first identification of an active transport mechanism for VPA. We further show that this transport mechanism is consistent with transport in two more complex animal models, zebrafish and Xenopus. This discovery, suggesting Slc4 as a putative VPA transporter in animal systems, might enable a better regulation of cellular VPA levels during therapy. For example, regulation of neuronal uptake might provide better epilepsy, bipolar disorder and/or migraine protection, and reduced uptake in the liver or embryo might lead to reduced hepatotoxicity (Bjornsson, 2008) or teratogenicity (Ornoy, 2006) . Furthermore, the design of secondgeneration VPA-related drugs for VPA-treatable disorders might benefit from improving SLC4-mediated uptake in target tissues.
Materials and Methods
Materials
Valproic acid (VPA), carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP), 4,4Ј-diisothiocyanatostilbene-2,2Ј-disulfonic acid (DIDS), 4-acetamido-4Ј-isothiocyanatostilbene-2,2Ј-disulfonic acid (SITS), 5-nitro-2-(phenylpropylamino)-benzoate (NPPB), flufenamic acid (FFA), hexanol, probenecid and potassium bicarbonate (KHCO 3 ) were purchased from Sigma-Aldrich. MK571 was purchased from Enzo Life Sciences. Tenidap was obtained from Tocris Bioscience. [4, H]VPA was obtained from Hartmann Analytic, Germany. Dictyostelium gene and protein information was obtained from DictyBase (http://www.dictybase.org).
Dictyostelium cell culture and gene isolation
Dictyostelium (Ax2) were grown in association with Raoultella planticola or in shaking culture (HL5 medium) at 21°C. Cells were maintained and harvested in mid-exponential phase (1ϫ10 6 -4ϫ10 6 cells per ml). Mutagenesis was carried out as described previously (Williams et al., 1999) . The knockout of slc4 was recapitulated by electroporation of the pLPBLP vector (Faix et al., 2004) containing N-and Cterminal fragments of slc4 into wild-type (Ax2) cells, confirmed by PCR amplification. Dictyostelium developmental assays were performed as described previously Williams et al., 2002) .
Phylogenetic analysis of Slc4
Evolutionary history was inferred using the neighbour-joining method. The bootstrap test was performed with 500 replicates. Phylogenetic analyses were conducted in MEGA.
VPA uptake assays in Dictyostelium
For uptake assays, 1ϫ10 8 cells per condition were washed twice and pulsed with 30 nM cAMP at 2ϫ10 7 cells per ml for 5 hours . Cells were then washed and resuspended in 5 ml phosphate buffer (KK2: 16.5 mM KH 2 PO 4 , 3.8 mM K 2 HPO 4 ) and aerated on a platform shaker at 21°C (120 r.p.m.). For pHdependent uptake, buffers were adjusted to the appropriate pH using H 3 PO 4 or KOH. In each experiment, solutions comprising 1 ml KK2 with 6 nM of [ 3 H]VPA and an appropriate amount of unlabelled VPA (0.25 mM unless stated otherwise) were prepared and added to the shaking cells at the start of the assay. At specific intervals, 300-l samples were taken and placed on ice to stop uptake. Samples were washed with cold KK2 once, resuspended in 250 l of KK2 and analysed by liquid scintillation. The experiments shown normally comprise triplicate independent experiments with duplicate samples for each experiment. The total intracellular concentration of [ 3 H]VPA after 30 minutes was determined by performing the above assay without the addition of unlabelled VPA. Protein levels were measured using the Pierce BCA protein assay kit (Thermo Scientific). For subcellular localization of [ 3 H]VPA, cells were prepared as described above and 1 ml cell samples was taken at indicated time points, washed once with KK2, lysed and fractionated by differential centrifugation as described previously (Williams et al., 1999) . To measure VPA incorporation into lipids, these were extracted with acidified methanol and separated by thin-layer chromatography, as described previously (Pawolleck and Williams, 2009 ). For VPA protein incorporation, cells were prepared and lysed, as described previously (Williams et al., 1999) , and proteins were separated by SDS-PAGE and transferred onto a Hybond N + membrane. A tritium-sensitive phosphoimager screen was used to record incorporation, and analysed using a Typhoon phosphoimager.
Zebrafish protocols
Fish were maintained and bred at 26.5°C and embryos were raised at 28.5°C and maintained as previously described (Westerfield, 2000) . Both AB and TL wild-type strains were used for these studies. For the analysis of VPA effects on zebrafish development, fertilized eggs were separated from unfertilized eggs at 4-6 hours after spawning and 10 eggs per condition were distributed into each well of a six-well tissue culture plate with 4 ml of either embryo medium alone or supplemented with the appropriate drugs. The phenotype was assessed after 30, 54 and 78 hours post fertilization (hpf). For 
Xenopus laevis protocols
Xenopus embryos were cultured by standard methods (Sive et al., 2000) . For the analysis of VPA effects on Xenopus development, embryos were collected by in vitro fertilization and staged as previously described (Nieuwkoop and Faber, 1994) . These embryos were simultaneously administered 2 mM VPA and indicated doses of bicarbonate at the 16-cell stage (~3 hours post fertilization), cultured in 0.1ϫ MMR (10 mM NaCl, 0.2 mM KCl, 0.2 mM CaCl 2 , 0.1 mM MgSO 4 and 0.5 mM HEPES pH 7.8) at 21°C until stage 40 or 41 (3 days post fertilization) and fixed in MEMFA (0.1 M MOPS pH 7.4, 2 mM EGTA, 1 mM MgSO 4 and 3.7% formaldehyde). All experimental conditions were confirmed at constant pH (7.8).
